Coproducts, such as Distillers Dried Grains with Solubles (DDGS), produced during ethanol production are essential to the economic sustainability of each ethanol plant as they provide an additional source of revenue. DDGS is extensively used as animal feed, but has a relatively low market value compared to the biofuel. By fractioning DDGS into lighter and heavier fractions, the overall composition changes potentially increasing the value of the coproducts as they become more desirable to different markets. Earlier studies have examined fractionating DDGS using sieves and aspirators. This project examined the techno-economics of adding fractionation systems onto an existing 40 million gal/y ethanol plant. The model allowed for estimations of fixed capital costs, annual operating costs, annual revenues, and net profits, in order to determine the economic feasibility of adding three different fractionation systems. The first fractionation system consisted of a single sieve, and the retained material was passed through an aspirator. The second system was similar to the first but with a second sieve and aspirator. The third system added a third set of them. In addition to utilizing different fractionation systems, the scenarios examined the effects extracting corn oil and producing DWG in addition to DDGS. The fractionation systems examined in this study increased the capital costs associated with the facility, but did not greatly affect the overall annual operating costs. The net profits in the four most profitable scenarios were $0.349/gal EtOH/y (scenario 14), $0.350/gal EtOH/y (scenarios 6 and 10), and $0.351/gal EtOH/y (scenario 2). Abstract. Coproducts, such as Distillers Dried Grains with Solubles (DDGS), produced during ethanol production are essential to the economic sustainability of each ethanol plant as they provide an additional source of revenue. DDGS is extensively used as animal feed, but has a relatively low market value compared to the biofuel. By fractioning DDGS into lighter and heavier fractions, the overall composition changes potentially increasing the value of the coproducts as they become more desirable to different markets. Earlier studies have examined fractionating DDGS using sieves and aspirators. This project examined the techno-economics of adding fractionation systems onto an existing 40 million gal/y ethanol plant. The model allowed for estimations of fixed capital costs, annual operating costs, annual revenues, and net profits, in order to determine the economic feasibility of adding three different fractionation systems. The first fractionation system consisted of a single sieve, and the retained material was passed through an aspirator. The second system was similar to the first but with a second sieve and aspirator. The third system added a third set of them. In addition to utilizing different fractionation systems, the scenarios examined the effects extracting corn oil and producing DWG in addition to DDGS. The fractionation systems examined in this study increased the capital costs associated with the facility, but did not greatly affect the overall annual operating costs. The net profits in the four most profitable scenarios were $0.349/gal EtOH/y (scenario 14), $0.350/gal EtOH/y (scenarios 6 and 10), and $0.351/gal EtOH/y (scenario 2).
INTRODUCTION
In 2012 the U.S. ethanol industry produced 13.3 billion gallons of ethanol (RFA, 2012a) .
Ethanol production begins with the breakdown of starches into useable sugars after the corn has been processed either by wet milling or dry grind processing. The dry grind process, the predominant method used within the ethanol industry today, grinds the corn, cooks and slurries it, and then adds enzymes which transforms starch into simple sugars which can then be utilized by yeast to produce ethanol (Singh et al., 2001 ).
In addition to the ethanol produced in 2012, the ethanol industry also produced a record 34.4 million metric tons of feed coproducts. These included corn gluten meal (CGM), corn gluten feed (CGF), distillers dried grains with solubles (DDGS), and distillers wet grains (DWG) (RFA, 2013) . These feed coproducts are comprised of the non-fermentable materials (i.e., proteins, minerals, fats, and fibers) remaining after the starch is used to produce ethanol. CGM and CGF are the products of the wet milling process, while the dry grind produces DWG and DDGS. Of the feed coproduct produced, 92% was comprised of DDGS; this was an increase of nearly 32 million metric tons over 10 years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (RFA, 2012a and RFA, 2012b) .
DDGS is composed of approximately 25% to 35% protein, 86.2% to 93.0% dry matter, 3% to 13% fat, and 7.2% fiber. This composition makes it ideal for feed (Bhadra et al., 2009b; Ganesan et al., 2008; ISU, 2008; Rosentrater and Muthukumarappan, 2006; Shurson and Alhamdi, 2008; Weigel et al., 1997) . The livestock industry is currently the single largest consumer of DDGS, utilizing 99% of the coproducts (RFA, 2012c) . Of the 32.5 million metric tons of DDGS in 2012, 79% was used for feeding cattle (beef and dairy) (compared to about 8% 3 for poultry and about 12% for swine) (RFA, 2013) . The remaining 1% is used as fillers within deicers, cat litter, lick barrels, and worm food (Bothast and Schlicher, 2005) or as feed supplements for goats, sheep, and fish (RFA, 2012b; Kannadhason et al., 2010; Rosentrater et al., 2009b; and Schaeffer et al., 2009) . The fat and fiber content of DDGS can limit the quantities in which it can be consumed by certain animals (Noll et al., 2011; Shurson, 2002; and Tiffany et al., 2008) .
If market saturation occurs, limited demand from the livestock industry may cause the supply of DDGS to outgrow demand, if the production of DDGS continues to grow. To keep this from happening, new value-added uses and new markets should be pursued to maintain the demand for coproducts (Rosentrater, 2007) . Some new potential uses for DDGS include ingredients within the human food market (Rosentrater, 2007; Rosentrater and Krishnan, 2006) , and fillers for production of biodegradable plastics (Bothast and Schlicher, 2005; Tatara et al., 2006; Tatara et al., 2007) .
Another potential way of adding value to DDGS is to separate it into high protein fractions and high fiber fractions. This approach will make more desirable product streams for various industries. The high protein fraction (or low fiber fraction) would be more desirable for feed in non-ruminant diets, while the high fiber fraction could be used for corn fiber gum, conversion into cellulosic ethanol, and xylitol production . This separation can be achieved with the use of currently available technology, individual sieves (to separate DDGS 4 into size categories) and air (to separate based on mass density) Srinivasan et al., 2009 ).
In addition to finding new markets for DDGS, the viability of new processes must be studied as well. Most studies investigating new uses for DDGS and other coproducts are done on a small scale (either bench top or pilot plants) and generally do not look into the economics of processing at full scale. Alterations which may only be pennies at a bench top or pilot scale may become hundreds or thousands of dollars under full commercial-scale processing conditions, because economic inputs increase by several orders of magnitude. This can have a major effect on the overall feasibility of the process. Thus, accurately predicting the cost of production prior to adding a new technology to an existing, large-scale facility is crucial.
To determine the feasibility of a new process or system, economic predictions and planning for resources, equipment capacities, and process parameters must be done. Computer based modeling and simulations allow for these predictions to be readily made (Petrides et al., 2011) .
Various industries, including pharmaceutical production and wastewater treatment, often use computer-based models to simulate their processes (Akiyama et al., 2003; Prazeres et al., 2004; Petrides et al., 1998; Petrides et al., 2002) . The petrochemical industry began to use computer models to simulate processes during the 1960's in order to optimize production capacities (Petrides et al., 2011) , and the biofuels industry has recently begun following suit. For example, ASPEN PLUS Software has been extensively used to simulate the transformation of corn into ethanol, and to perform cost analysis of the production of biodiesel (Hass et al., 2006; McAloon 5 et al., 2000; Rajagopalan et al., 2004) . The economic parameters for a typical 40 million gal/y dry grind ethanol facility have also been determined with a corn ethanol plant model created in SuperPro Designer (Intelligen, Inc., Scotch Plains, NJ) (Kwiatkowski et al., 2006) . The sensitivity of the Kwiatkowski et al., (2006) model to changes in raw material prices, market prices, and coproduct processing operations (oil extraction, drying of DDGS, or producing DWG) was subsequently explored by Wood et al., (2011) , so that the model could then be readily used to determine the economic feasibility of adding various new coproduct processing steps to the plant. This study used the updated Kwiatkowski model (McAloon and Yee, 2011) to determine the economic feasibility of adding a DDGS fractionation system on the end of an existing dry-grind corn-ethanol plant. The objective of this study was to examine the technoeconomics of three different fractionation systems, consisting of combinations of sieves and aspirators, onto the model used by Wood et al., (2011) , and then to determine how effectively they can add revenue versus additional expenses.
MATERIALS AND METHODS

Computer Model
Several years back, Kwiatkowski et al. (2006) McAloon and Yee added an oil extraction system and an option to extract DWG instead of DDGS only to the Kwiatkowski et al., (2006) model. The information programed into the model was then used by SuperPro Designer to produce a variety of output reports based on mass and economic balances. These reports were generated for each simulation scenario in this study, and then used to compare the economic feasibility and sensitivities of processing scenarios and material prices.
Simulations
A series of simulations (Table 3) were run based on modifying how the coproducts were processed (Figure 1 ). Three different variables were adjusted in the model: 1) quantity of oil extracted from condensed distillers solubles (CDS) (0% versus 80%);
2) quantity of distillers wet grains (DWG) produced (0% versus 30%);
3) type of fractionation system used to process distillers dried grains with solubles (DDGS). One set of scenarios did not use fractionation, one used a combination of an 869 m sieve and an aspirator, another used an 869 m sieve followed by a 582 m sieve and 2 aspirators, and another set used a combination of an 869 m sieve, 582 m sieve, and a 447 m sieve, each followed by an aspirator. These combinations were based on preliminary experimental work at our laboratory (not published). Fiber and protein composition and overall mass balances of the DDGS streams were defined based upon data presented within Srinivasan et al., (2005 Srinivasan et al., ( , 2006 and Bhadra et al., (2009b) . For example, these studies found that an 869 m sieve would retain 12.7% to 30% of the streams mass, and the composition of that retained stream would be 19.6% to 29.3% protein, 11.5% to 12.6% fiber, and 12.5% to 13.1% fat (Table   1) ; so these were the goal ranges used for setting up the fractionation system. The actual models mass and compositional ranges (Table 1) varied slightly due to variance in the initial stream composition and due to processing factors (corn oil separation). Similarly the aspiration separation was defined based upon Srinivasan et al., (2005 Srinivasan et al., ( , 2006 (Table 2 ). All of these were data used as general guidelines when fractionating the simulated DDGS streams.
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These three independent variables provided a total of sixteen independent production scenarios for simulation (Table 3) . For each simulation scenario, the direct fixed capital costs (DFC), the annual operating costs (AOC), the annual revenue, coproduct composition, and the net profits were computed. The fixed capital costs were sub divided into the various components that comprise the entire facility: support systems, coproduct processing, ethanol processing, fermentation, starch-to-sugar conversion, grain handling, and milling. The annual operating costs were comprised of utilities, facilities, labor, and raw materials; utilities and materials were broken down into individual components (e.g., electricity, cooling water, natural gas, steam, corn, liquid ammonia, enzymes, sulfuric acid, yeast, etc.). Annual revenues were partitioned according the products produced: ethanol, corn oil, DWG, DDGS, fractionated DDGS heavy fraction (HF), and fractionated DDGS lighter fraction (LF).
RESULTS AND DISCUSSION
Capital Costs
Annualized direct fixed capital costs (DFC) were calculated based on the total equipment purchase costs and maintenance cost (10% of purchase price) for the individual process sections within the plant, including coproduct processing, support systems, ethanol processing, fermentation, starch-to-sugar conversion, and grain handling/milling. Figure 2 illustrates the DFC/gal of EtOH/y. The cost relationship of individual sections, as well as the overall operating cost associated with each production scenario, can be found in Figure 2A . The DFC ranged from $1.41-1.45/gal of EtOH/y ($56.0-57.7 million/y). Of the individual processing sections 9 used to determine the DFC, coproduct processing was the only one that varied between scenarios. This can be seen in Figure 2B . The figure shows that coproduct processing costs between $0.60-0.65/gal of EtOH/y ($24.1-25.7 million/y), which is approximately 43.7% of the total capital costs for the ethanol plant. Coproduct processing costs twice as much per gallon of ethanol as fermentation, and nearly 2.5 times as much per gallon as ethanol processing itself.
Based on this, it can be determined that, regardless of the presence or absence of fractionation systems, coproduct processing comprises a significant portion of the capital costs associated due to the ethanol plant.
Annual Operating Costs
In addition to the annualized capital costs associated with plant operations, the annual operating costs (AOC) must be determined in order to do a complete techno-economic evaluation.
Expenses associated with the facilities, labor, materials, and utilities required for plant operation comprised the total AOC of the ethanol facility. The relationships that these individual components have with each other, and the overall AOC, can be seen in Figure 3A . The total AOC of the ethanol plant ranged from $3.09-3.12/gal of ethanol produced/y ($123.0-124.5 million/y). The cost of materials and labor remained constant between all sixteen scenarios, while facilities and utilities were altered with changes in coproduct processing. Utilities Figure 3B illustrates the variation in the AOC associated with utilities only. It also shows the relationship of the individual utilities with the overall costs. For the sixteen production scenarios, utilities costs were $0.20-0.23/gal of EtOH/y ($8.0-9.0 million/y).
The quantity of the utilities used within the process (water, steam, gas, and electricity) can be seen in Figure 4 . The addition of various coproduct processing operations does not affect the quantity of cooling water or the quantity of steam required annually; it did, however, greatly impact the quantity of electricity required as well as the amount of natural gas used. When more DWG was dried, more natural gas was required, while the addition of fractionation systems increased the electrical requirements of the facility. The facility utilized 0.98-1.20 kWh/gal of EtOH/y and 0.17-0.24 kg natural gas/gal of EtOH/y.
Facilities
Facility costs included maintenance expenses, equipment depreciation, insurance, taxes, and miscellaneous factory expenses. The cost of facilities ranged from $0.20-0.21/gal EtOH/y ($8.1-8.4 million/y) for all sixteen scenarios. This small variation was due to the addition of equipment for the fractionation systems and the increase of dryer capacities when 100% of the DWG was dried onto DDGS.
Labor 11
The cost of labor was determined based upon a lump estimate of number of working hours/y (330 day/y), and the median wage within the Midwest. For all sixteen scenarios it was determined that labor cost contributed $2.5 million/y ($0.06/gal EtOH/y) to the annual operating costs. This was approximately 2.0% of the AOC.
Material Cost
The vast majority of the annual operating cost comes from the raw materials required. These materials cost approximately $2.62/gal of EtOH/y ($104.3 million/y; 84.3% of the AOC). Corn, octane, water, yeast, caustic, sulfuric acid, glucoamylase, alpha amylase, liquid ammonia, and lime are the materials used within the model that contribute to the material costs. Of these materials, corn plays the most significant role, as it comprises 96% of the total material costs. For the simulations associated with this study, the price of corn was set at $0.27/kg ($6.94/bushel) to reflect corn prices at the time of simulation (DTN, 2013) . Based on the quantity of corn utilized and ethanol produced, this is equivalent to $2.52/gal of EtOH/y.
Annual Revenues
The ethanol production process followed in the model produced five products: carbon dioxide, ethanol, corn oil, DWG, and DDGS (for some scenarios this was fractioned into light and heavy fractions). For simplification, CO 2 was not collected for resale or assigned a market value. The other four products were used to determine the total annual revenue for the simulation. The market prices for ethanol and oil were set to reflect market value at the time of simulation The market value of protein ($1.05/ kg) was determined based upon the current market price of DDGS ($240/ton (DTN, 2013) ) with the assumption that DDGS is 25% protein. Figure 4 shows the effect that each of these products has on the revenue for the plant. Figure 4A compares the annual quantity produced for each product, while part Figure 4B shows how each product affects the overall annual revenue of the plant. The revenue produced ($/gal of EtOH/y) is presented in Figure 5 .
Ethanol
Ethanol was approximately 29-34% of the total mass produced annually by the ethanol process ( Figure 5B ), but contributed 71-73% of the total annual revenue ($133-137 million/y) of the plant, as show Figure 5A .
Corn Oil 13
Corn oil produced revenue of $0.10/gal of EtOH/y ($3.9 million/y) in the scenarios where 80% of the oil was extracted. Figure 4A shows that when the 80% of the corn oil was extracted (i.e. scenarios 1, 2, 5, 6, 9, 10, 13, and 14), the contribution of oil to plant revenue was fairly low (2.86%) even though oil had the largest market price of all products produced. This was due to the fact that its contribution to the total mass produced was very minimal (0.78-0.91%) ( Figure 4B ).
DWG
The market value of DWG was determined based upon its protein concentration. For the sixteen scenarios the price was $0.11/kg/y. In the scenarios where 30% of the DWG was left wet, DWG made up approximately 23% of the mass produced by the plant ( Figure   4B ) and approximately 8% of the revenue ( Figure 4A ). DWG produced revenue of $0.27/gal EtOH/y ($10.75 million/y). DDGS DDGS made up 20-35% of the total mass produced by the ethanol plant. Similar to the DWG, the price of DDGS was set based upon protein content. The protein and fiber content of the DDGS and the DDGS fractions can be found in Figure 6 . The crude fiber content for the whole DDGS ranged from 18.7% to 19.3%, while that of the light fraction (LF) ranged from 5.9% to 7.2%, and that of the heavy fraction (HF) ranged from 19.6% to 21.5% ( Figure 6A ). Figure 6B presents the protein concentration used to determine the market value of the DDGS. The protein concentration of the whole DDGS was determined to be 27.6% to 28.4%, in the FF was determined to be 12.2% to 13%, and in the PF was determined to be 28.6% to 31.3%. Based on these protein concentrations, whole DDGS had a market value of $0.29-0.30/kg ($0.14/ lb). The concentrations of protein in the FF and PF varied greatly depending on the fractionation system used, and therefore the market value of the product varied greatly. For scenarios 5-8, where one sieve and one aspirator were used for separation, the FF had a market value of $0.14/kg ($0.06/lb) and the PF had a market value of $0.30-0.31/kg ($0.14/lb). When a second sieve and aspirator were added to the system (scenarios 9-12), the market value of the FF decreased to $0.13/ kg ($0.06/lb) and the value of the PF was increased to $0.31-0.32/ kg ($0.14/lb). The third fractionation system (scenarios 13-16), three sieves and three aspirators, had a FF with a market value of $0.13/ kg ($0.06/lb) and a PF market value of $0.32-0.33/ kg ($0.15/lb). Figure 7A compares the DFC, AOC, and revenues to the net profits for the plant. The annual profits ($/gal EtOH/y) can be found in Figure 7B . While all scenarios had positive profits, the scenarios in which oil was extracted had significantly higher profits. Marketing DWG also increased the profit margins. Scenario 2 had the greatest profit ($13.990 million/y), closely followed by scenario 10 ($13.961 million/y), and then 6 ($13.956 million/y).
Net Profits
CONCLUSIONS
The ethanol production process results in a variety of products (in addition to ethanol) that can provide additional revenue to the facility. The additional revenue streams can add to the profits of the facility, as long as the cost of processing does not exceed revenues. In order to perform economic calculations for new fractionation systems, SuperPro Designer was used for technoeconomic modeling. Through the simulated scenarios, it can be concluded that DDGS fractionation has the potential to play a vital role in increasing the market value of the ethanol coproducts. The fractionation systems incorporated in this study increased the capital costs associated with the facility, but did not greatly affect the overall annual operating costs. The scenarios where both DWG and DDGS were produced, in addition to the extraction of corn oil, were the most profitable. The addition of fractionation added revenue and operating costs, and improved the profits of the plant. Diversification of coproducts may be critical as the industry continues to evolve. I  9  80  0  II  10  80  30  II  11  0  0  II  12  0  30  II  13  80  0  III  14  80  30  III  15  0  0  III  16  0  30  III *Fractionation system I separates DDGS using an 869 m sieve. Fractionation system II separates DDGS using an 869 m sieve followed by a 582 m sieve. Fractionation system III separates DDGS using an 869 m sieve followed by a 582 m sieve followed by a 447 m sieve. The lighter fractions from all sieves are then aspirated. The light fractions from aspiration are then combined, while the heavy fractions are combined. See Figure 1 for specific process flows. Annual Profit ($/gal EtOH/y) Scenario
